Background: Patients who have had a colorectal adenoma are likely to develop a metachronous adenoma and therefore need to be kept under surveillance. It is essential to avoid unnecessary examinations by tailoring the frequency of follow up examinations to individual risk. Methods: A total of 3134 patients undergoing endoscopic removal of colorectal adenomas were prospectively recorded on the Erlangen Registry of Colorectal Polyps between 1978 and 1996. A multivariate analysis of 1159 patients on long term follow up was performed to identify risk factors determining surveillance intervals for patients with metachronous adenomas of advanced pathologythat is, adenomas >10 mm or with high grade dysplasia or invasive carcinoma. Results: Univariate analysis revealed that sex, parental history of colorectal carcinoma, and characteristics of the initial findings-that is, size, multiplicity, and amount of villous structure-were significant predictors of metachronous adenomas of advanced pathology. On the basis of multivariate analysis, two risk groups were identified: (1) patients with no parental history of colorectal carcinoma with only small (<10 mm) tubular adenomas at the initial clearing examination have a very low risk, and we estimated that 10% will develop advanced metachronous adenomas after 10 years; (2) the high risk group contained all other patients, 10% of whom will show metachronous adenomas of advanced pathology at follow up after only three years. Conclusions: The risk of developing metachronous adenomas with advanced pathology can be stratified for various patient and adenoma characteristics. Surveillance intervals can be scheduled for low risk (10 years) and high risk (three years) patients. Risk related follow up thus helps to avoid unnecessary examinations.
M
ost colorectal carcinomas are believed to originate in pre-existing adenomas in accordance with the adenoma-carcinoma concept. 1 2 The incidence of colorectal carcinoma can be significantly reduced by colonoscopic polypectomy and subsequent follow up. [3] [4] [5] [6] Periodic surveillance examinations have been considered necessary because of the high frequency of adenomatous polyps detected at follow up. [4] [5] [6] [7] A number of large follow up studies differ with regard to their recommendations for surveillance programmes. [7] [8] [9] Recently, the recommended time interval between follow up examinations has been lengthened and defined by factors predicting the risk of finding adenomas with advanced pathology. 6 10 11 The aim of this study was to identify predictive variables on the basis of a multivariate analysis of a large series of patients on the Erlangen Registry of Colorectal Polyps, comprising prospectively documented cases who have been on a surveillance programme for approximately two decades. 7 Adenoma size, histological type, site, and multiplicity, together with patient age and sex, are risk factors for the presence of high grade dysplasia or invasive carcinoma in adenomas. 7 10-13 We investigated whether these risk factors of advanced pathology could also be used to predict the likely time interval to the development of metachronous adenomas of advanced pathology.
MATERIALS AND METHODS
The Erlangen Registry of Colorectal Polyps (ERCRP) was set up in 1978. All colorectal polyps removed via the endoscope in the Medical Department of the University of Erlangen were documented prospectively and classified histologically in the pathological department, in accordance with the WHO classification.
14 Tubular adenomas were defined as those having up to 25% villous structure, tubulovillous adenomas as having 26-75%, and villous adenomas as having more than 75%. To date, 6829 adenomas have been diagnosed at the initial endoscopic examination and confirmed histopathologically in 3134 patients with no previous history of colorectal adenomas or carcinomas. Patients with a familial history of adenomatous polyposis or hereditary non-polyposis colon cancer syndrome, or inflammatory bowel disease were excluded. The size of small adenomas (<5 mm) was estimated endoscopically by comparison with the open biopsy forceps, while all larger adenomas, which were removed completely, were measured accurately in the pathological department. All patients recorded in the registry were a place in a follow up programme. 7 Patients with only a single initial adenoma were re-examined at four year intervals and those with multiple adenomas at two year intervals. A total of 1245 patients were identified as having at least one follow up examination after initial clearing total colonoscopy. Eighty six of these patients with adenomas containing invasive carcinoma at the initial examination were excluded.
Statistical analysis
Follow up records of 1159 patients undergoing surveillance examinations were used as a basis to identify factors that might determine the risk of metachronous adenomas developing during follow up. In accordance with Moertel, 15 metachronous adenomas were defined as those detected more than 180 days after the initial clearing procedure.
Analyses were based on data from a registry containing patients with different durations of follow up, and showed deviations from the scheduled surveillance interval of up to one year. This made it impossible to use a simple design to calculate the proportion of patients with metachronous adenomas over a fixed time period in the subgroups of interest.
Odds ratios (ORs) or relative risks (RRs) for metachronous adenoma development in individual patient groups give only a qualitative impression of the increase in risk, but no indication of the time interval during which metachronous adenomas will develop. The aim of this study was to establish risk related time intervals after initial clearing colonoscopy to enable detection of adenomas before they reach the stage of advanced pathology.
An adenoma of advanced pathology is defined as larger than 10 mm in size or with high grade dysplasia or invasive carcinoma. 8 The point in time at which an adenoma becomes an adenoma of advanced pathology cannot be observed directly but can be located between two follow up sessions. Therefore, observation of the time point at which an adenoma reached an advanced stage of development was the censored interval.
Regression methods for interval censored observations have recently been developed. We used a method proposed by Bebchuk and Betensky 16 which permits an estimation of both the hazard function and the RRs for factors of interest. This method allows quantification of the distribution of the time at which an adenoma becomes advanced. This allows calculation of the times required for 5% (t 0.05 ), 10% (t 0.10 ), or 20% (t 0.20 ) of a given group of patients to develop adenomas of advanced pathology.
The accuracy of the quantiles t 0.05 , t 0.10 , and t 0.20 is defined by calculating 95% confidence intervals (CI) which form the basis for scheduling surveillance intervals. The lower boundaries of these 95% CIs are taken for the surveillance recommendations.
The following statistical procedures were performed:
(1) Multiple regression analysis based on the model of Bebchuk and Betensky. 16 (2) Likelihood ratio tests to establish the model with the relevant risk factors and to assign patients to relevant risk groups.
(3) Calculation of the times t 0.05 , t 0.10 , and t 0.20 for the relevant risk groups based on their hazard functions. (4) Creation of 1000 bootstrap samples 17 of the data and application of the model of step 3 to the new data sets allows the study of the variations in the values of t 0.05 , t 0.10 , and t 0.20 . The percentile method was used to determine 95% CIs for those times. 18 Because of the interval censored data, graphical presentation of the probability of being free from advanced metachronous adenomas cannot use the Kaplan-Meier estimate, and therefore an algorithm proposed by Groeneboom and Wellner 19 was used to calculate a non-parametric maximum likelihood estimate for the event time distribution in both risk groups.
All calculations were performed using the statistical software S-Plus 3.3 (MathSoft, Inc., Seattle, Washington, USA).
RESULTS
A total of 3134 patients undergoing endoscopic removal of colorectal adenomas between 1978 and 1996 were prospectively recorded on the Erlangen Registry of Colorectal Polyps (table 1). All patients were offered a chance to participate in a scheduled follow up programme. A total of 1849 patients (1178 (63.7%) males, 671 (36.3%) females) did not undergo surveillance. These patients either refused follow up or underwent examinations at other endoscopy departments. Single adenomas were found in 1052 patients (53.6%) and 797 (46.4%) had multiple initial lesions. Mean age at the initial clearing examination for patients who were followed up was 57.08 years (SD 11.25) compared with 59.74 (SD 11.61) for those who were not followed up. A total of 1159 patients underwent regular follow up examinations: 747 (64%) of these patients were males and 412 (36%) were females. One hundred patients (8.6%) had a parental history of colorectal carcinoma while in 24 patients (2.1%) the relevant data were not available. There were no statistically significant differences in baseline patient or adenoma characteristics between patients who underwent surveillance and those who did not.
Initial and metachronous findings
In 623 (53.8%) patients a single adenoma, and in 468 (40.4%) patients multiple adenomas were removed at the initial clearing examination. A total of 1820 (76.9%) initial adenomas were classified as tubular, 446 (18.8%) as tubulovillous, and 62 (2.6%) as villous. In 101 (4.3%) adenomas, high grade dysplasia was found during the initial examination. A total of 1725 (72.8%) adenomas were 10 mm in diameter or smaller and 604 (37.2%) were larger than 10 mm (table 2). We found 462 (19.5%) adenomas in the rectum, 1245 (52.6%) in the left colon, and 660 (27.9%) in the right colon. Characteristics of the initial and metachronous findings are given in table 2. In five patients the metachronous adenomas harboured invasive carcinoma. These lesions were detected in one patient after only one year and in other patients after 3, 4, 6, or 11 years of follow up.
Risk factors for advanced metachronous adenomas

Univariate analysis
The probability of being free of an advanced adenoma was calculated, with the aim of identifying patient and adenoma characteristics capable of predicting the development of metachronous adenomas with advanced pathology. In the overall sample, multiplicity (p=0.0014) and size (p<0.0001) of the initial adenoma were significant predictors. Stratification for histological type revealed no additional significant predictors for the 462 patients with tubulovillous or villous adenomas. These patients are therefore always at high risk of developing advanced metachronous adenomas. In patients with tubular adenomas only, multiplicity (p=0.0069), size (p<0.0001), and a parental history of colorectal carcinoma (p=0.0368) were significant predictors of advanced metachronous adenomas.
Multivariate analysis
Considering only patients with tubular adenomas at the initial clearing procedure, a multivariate model for related observations revealed that adenoma size (p<0.0001), multiplicity (p=0.021), parental history of colorectal carcinoma (p=0.0168), and an interactive effect between size and sex (p=0.00392) were significant predictive variables (table 3) . Male patients with large adenomas had a significantly higher risk of developing advanced metachronous adenomas than other patients. Comparison of the probabilities of transition from non-advanced to advanced metachronous adenomas among the 16 subgroups (table 4) defined by combinations of the variables used in the multivariate analysis identified two risk groups (fig 1) : a low risk group containing patients with no parental history of colorectal carcinoma and with only small (<10 mm) tubular adenomas at the initial clearing examination, and a high risk group containing all other patients-that is, those with multiple or large adenomas, tubulovillous or villous adenomas, or a parental history of colorectal carcinoma. For the low risk group, we estimated that 12.2 (95% CI 10.1-15.2) years were needed for advanced adenomas to develop in more than 10% of patients. For the high risk group the estimate was 6.1 (95% CI 3.2-11.5) years. To determine how well the estimates reflected the (unknown) true 10% quantile and to improve the effectiveness of surveillance for individual patients, we examined the lower boundary of the 95% CI of the 10% quantile. The vertical dotted lines in fig 1  mark the lower boundaries-that is, 10 years for the low risk group and three years for the high risk group.
If the 10% benchmark is changed and other quantiles are considered, the estimated times and the corresponding confidence intervals will also change. The estimate for the 5% quantile (the time when not more than 5% of patients will develop advanced adenoma) is 0.5 years (95% CI 0.1-1.6) in the high risk group and 10.4 years (95% CI 4.1-13.2) in the low risk group. The estimate for the 20% quantile (the time when not more than 20% of patients will develop an advanced adenoma) is 15.6 years (95% CI 11.5-18.2) in the high risk group and 16.2 years (95% CI 10.5-19.2) in the low risk group (table 5) . 
DISCUSSION
The incidence of colorectal carcinoma can be significantly reduced by colonoscopic polypectomy and subsequent follow up. [3] [4] [5] [6] Periodic surveillance examinations have been prompted by the high frequency (30-60%) of adenomatous polyps detected at follow up 4 7 20-24 compared with an incidence rate of approximately 16% at three years found in patients with no abnormalities at the index colonoscopy. 25 Thus patients with a clean colon after initial polypectomy are believed to have a higher risk of developing metachronous adenomas or carcinomas than non-polyp carriers.
In accordance with the adenoma-carcinoma sequence, adenomas are recognised as precursor lesions of the vast majority of colorectal cancers. 1 2 Several large studies carried out in recent years have identified the major factors determining the risk of developing high grade dysplasia and invasive carcinoma in an adenoma as tumour size and the amount of villous structure. 10-13 26 27 An important question is whether these adenoma characteristics found at the initial examination can also predict the risk of metachronous adenomas and hence help in planning surveillance strategies.
Multiplicity of initial lesions was the first factor to be used as a suitable basis for scheduling different follow up intervals. Patients with multiple adenomas were re-examined every two years and patients with a single adenoma every four years, in accordance with their different risks of developing metachronous lesions. 7 Recently, a number of studies have proposed extending the follow up interval, 6 9 28 in particular for patients with a very low risk of developing metachronous adenomas or carcinomas. A retrospective study from St Mark's Hospital, London, UK, found that patients with only a single small (<10 mm) tubular adenoma detected in the rectosigmoid were not at increased risk of subsequent colon cancer, and that surveillance may therefore be of no value in these patients. 29 The King's Fund consensus panel in London then concluded that follow up should not be recommended for patients with a single small tubular rectal adenoma or patients over 75 years of age. 30 The Polyp Prevention Study Group concluded that patients with one or two tubular adenomas constitute a low risk group for whom follow up might be extended beyond three years. 28 31 The National Polyp Study (NPS) recently focused on differentiation of low and high risk patients, and modified its recommendations accordingly. 32 33 A three year interval for screening colonoscopy is recommended for patients with multiple adenomas (especially three or more) at initial colonoscopy, and for those with a parental history of colorectal carcinoma and aged at least 60 years at the initial diagnosis. A six year or longer surveillance interval is recommended for adenoma patients with one or two adenomas and a negative family history of colorectal carcinoma, provided that all polyps detected initially were removed and total colonoscopy was performed. 33 The different risk groups are defined by the number of initial lesions, the patient's age, and family history. Several studies have shown that patients with a family history of colorectal carcinoma are at increased risk of developing adenomatous polyps. [34] [35] [36] However, the hypothesis that a history of colorectal carcinoma in any first degree relative increases an individual's risk of developing adenomas has not been supported by other studies. 37 38 Conversely, siblings and parents of patients with adenomatous polyps have been reported to be at increased risk of colorectal carcinoma. 39 In our study, a positive parental history of colorectal carcinoma proved to be a significant prognostic factor for the development of metachronous adenomas. However, the size of the largest initial lesion and villous structure were also of prognostic significance. These differences may be due to differences between the NPS samples and that of the Erlangen Registry in terms of the nature of the initial lesions and patient characteristics. The sample (NPS) included significantly more male patients (p=0.003), more patients older than 60 years (p<0.0001), fewer large adenomas (p=0.0001), and a larger number of tubular than tubulovillous or villous adenomas (p<0.0001). No significant differences in the distribution of low and high grade dysplasia were found between the samples (p=0. 22) .
Different conclusions may also result from different statistical methods applied. No publication has so far considered the problem of interval censored observations with respect to the event of interest. The transition to advanced pathology-that is, progress in the adenoma-carcinoma sequence-cannot be observed directly. It is only possible to register an existing state by inspection. Many authors apply classical standard methodology, such as Cox regression, to calculate relative risks. The use of Cox regression or Kaplan-Meier estimates for truly interval censored data results in over long surveillance intervals. For determination of follow up intervals, we calculated 5%, 10%, and 20% quantiles of patients with metachronous adenomas of advanced pathology. The 10% quantile provided the best differentiation between high and low risk patients. Applying the 5% quantile would have led to a very short interval (six months) for high risk patients and the 20% quantile would not have provided different risk related intervals (which was the intention of the study) for the two groups. Additionally, this cut off point may also be appropriate in terms of cost effectiveness. The following recommendations are therefore based on the 10% quantile.
In our view, the possibility that some of the adenomas found at follow up may be missed polyps [40] [41] [42] and not true metachronous adenomas is of no relevance for the calculation of clinical surveillance recommendations.
Surveillance recommendations
The results of the multivariate analysis of time intervals for the detection of advanced metachronous adenomas form the basis of our follow up recommendations. We distinguish two degrees of risk for the development of advanced metachronous adenomas: low risk and high risk. Patients with a low risk-that is, no parental history of colorectal carcinoma and only single or small (<10 mm) tubular adenomas at the initial clearing-can safely wait 10 years for their first surveillance examination. Patients with a high risk of developing metachronous adenomas of advanced pathology-that is, all other patients-should have their first follow up examination no later than three years after the initial clearing.
All surveillance examinations should be performed as complete colonoscopies up to the caecum because of the high rate of metachronous adenomas located in the right colon. 43 Surveillance programmes should be centralised at regional computerised registries so as to reliably ensure that patients are reminded to attend for the re-examination, even after 10 years.
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